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Abstract

An attempt was made to control global plasma confinement in the Alcator C-Mod
tokamak by applying ICRH heating power to the plasma edge in order to deliberately
create a minority ion tail loss. In theory, an edge fast ion loss could modify the edge
electric field and so stabilize the edge turbulence, which might then reduce the H-mode
power threshold or improve the H-mode barrier. However, the experimental result was
that edge minority heating resulted in no improvement in the edge plasma parameters or
global stored energy, at least at power levels of Py <5.5 MW. A preliminary analysis of

these results is presented and some ideas for improvement are discussed.



1. Introduction

In theory, the edge radial electric field (E,) of tokamaks is determined at least in
part by ion loss to the wall, and the E, profile can in turn control the H-mode transition
[1-5]. Edge electrode biasing experiments have certainly shown that an externally
imposed radial current of =20-200 A can create an H-mode-like transport barrier [6,7],
and a clear correlation has been shown between edge potential changes and the L-H
transition [8]. Thus it would be useful if some non-intrusive means could be found to

control ion loss to the wall and thereby control the H-mode transition.

The present experiment was motivated by suggestions of Chang [9] and Perkins
[10] that the edge E, could be changed if a relatively small population of ICRH minority
tail ions was created at the plasma edge and deliberately lost to the wall. For example,
the radial ion loss current corresponding to 1 MW of tail ion loss at T,,;;=10 keV would be
=~ 100 A, i.e. comparable to the radial current in the edge biasing experiments. If the edge
electric field could be controlled in this way, it might be possible to reduce the H-mode

power threshold or improve the H-mode barrier in future magnetic fusion devices.

There have been many previous measurements showing a correlation between ion
loss (or fast ions in the edge) and the edge electric field [11-14], but it has been difficult
to establish a causal connection between the two in the absence of electrode biasing. An
interesting attempt was made at DIII-D to deliberately create beam ion loss using
counter-neutral beam injection [15]; however, this did not significantly affect the H-mode
threshold or change the edge electric field [16]. The Electric Tokamak (ET) at UCLA
was designed to create an electric field via ion minority tail ion loss [17], but definitive

results have not yet been obtained.

This paper describes an attempt to use minority edge heating to control the edge
electric field and H-mode transition in the Alcator C-Mod tokamak at MIT. Simplified
estimates used in the design of this experiments are discussed in Sec. 2, the experimental

results are in Sec. 3, preliminary modeling is in Sec. 4, and the conclusions are in Sec. 5.



2. Simple Estimates

This section describes simple estimates which were used to plan the present

experiment. Some analysis of the experimental results is presented in Sec. 4.

Alcator C-Mod is a high field diverted tokamak with B < 8 Tesla, [ <2 MA,R =
0.68 m, a = 0.22 m, and a global energy confinement time of tz= 50 msec. The ICRF
frequency range used for this experiment was fir = 78-80.5 MHz, which is resonant
with hydrogen minority ions at B= 5.1-5.3 Tesla, and the available ICRH power level
was Pgr < 5.5 MW. Other details concerning C-Mod can be found elsewhere [18].

Since minority heating creates trapped ions, an approximate criterion for fast ion
orbit loss is that distance from the banana orbit center to the wall “0” should be less than

the tail ion banana width A, or roughly:

6 < Atail = 8_l/qulor [1]

where ¢ is the inverse aspect ratio, q is the edge rotational transform, and p,,, is the
toroidal gyroradius of the fast ion. For the present experiment £>= 2, q = 5, and
typically p,, = 0.3 cm, assuming for the moment a tail ion energy of T, = 10 keV at
B,,=5 T. Therefore the minority resonance location needs to be within roughly 6 <3 cm

from the wall in order to deliberately lose tail ion banana orbits of this energy.

The ICRF power needed to form a minority ion tail is can be estimated from the

Stix formula [19]:

Py MW/cm®) = 3n,, T

tail -+ tai

l/rs [2]

where the fast ion slowing down time on the electrons is: T, = 6.3x10 *(A/Z*)(1/InA)

T.(eV)”*/n(cm™), at least for T, = 20T.. For an assumed n(edge)=5x10" cm?,

tail =



T.(edge)=100 eV, Z=M=1, and In A=20, this implies T, = 1 msec. Thus for a typical

hydrogen minority fraction of n,/n.= 5%, an ion tail of temperature T,(tail) = 10 keV

tai
should form at an ICRH power level of Py =~ 10 W/cm’. Assuming an ICRH heating
volume corresponding to =~ 3 cm wide region near the inner or outer plasma edge (= 10’

cm?), this corresponds to an ICRH power level of Pgz= 1 MW.

Thus these simple estimates imply that an ICRH resonance applied in C-Mod
within a few centimeters of the plasma edge at a power at a level of Pgz> 1 MW could
create a minority ion tail with an energy T, = 10 keV, which would then be lost to the
wall. The ion loss current corresponding to this process would be roughly 1, = Pge/T, =
100 amps, which is comparable to the current required for electrode-biased H-modes. In
order to maximize the ion tail creation and loss, the edge density should be as low as
possible to reduce the electron drag on the tail ion population, and the plasma current

should be as low as possible to maximize the local q and banana width. Therefore these

experiments were done at I < 0.6 MA and without additional gas puff fueling.

A simple estimate for the radial electric field due to ion loss can be adapted from

the beam ion case analyzed by Parail [4]:

E = (0/M) T i/ Ay (3]

Thus for the C-Mod parameters above this implies E, = 150 V/cm. Alternatively, the E,
due to this ion loss can be estimated from the perpendicular conductivity [1-3], which is

determined at least in part by the neoclassical ion-neutral collision frequency v;,:

GJ_ = qz(ezni/ rni)Vio/ wciz [4]

The edge neutral density in C-Mod varies greatly vs. radius and poloidal angle [20], but
using a typical value of n,=10" cm” with T, = 100 eV, n; = 5x10" cm™, and p, = 3x10”

cm; then v, = 10’ sec”’, and 0, = 10° (Q-cm)'. Thus a tail ion loss of I, =~ 100 Amps



occurring over a radial scale length of = 3 cm would change the radial electric field by E,
=~ 100 V/cm. Note that the neutral conductivity should dominate the effect of ion

viscosity in these high density C-Mod discharges.

The electric field needed to affect the H-mode transition can be estimated in
various ways based on existing theory [5]. The simplest way involves the properties of
the edge turbulence, which are fairly well known in C-Mod [21]. To create an H-mode in
the shear-stabilization model requires that the radial shear in the poloidal velocity V is
roughly: dV ,/dr = (L,,/L;,))/T,0 Where L, L4, and T

auto? pol>

o are the poloidal and radial

correlation lengths and autocorrelation time of the edge turbulence. For C-Mod with L,

~ L= 1 cm and 7,,,~10 usec this implies the required poloidal flow shear for creating

auto

an H-mode would be created by an E, = 150 V/cm over a radial distance of = 3 cm (at

B=5 Tesla), which is similar to the estimated effect of the 100 Amp ion loss.

Thus the expected electric field due to ion tail loss could be comparable to that
required to affect the H-mode transition, at least within the context of these simple

estimates. Of course, these are only order-of-magnitude estimates.

3. Experimental Results

Almost all the plasmas used in for these experiments had a plasma current of
[=0.6 MA with the magnetic equilibrium shown in Fig. 1. The central electron
temperatures and densities for these shots were typically T,(0) = 1 keV and n(0) = 1x10"
cm”. The initial ICRH edge heating experiments were done at 78 MHz with Py < 2.3
MW, and in a second set the ICRH power was increased up to Py < 5.5 MW by the
addition of ICRH power at 80.0 and 80.5 MHz (see Table 1). All the plasmas were done
with a deuterium majority (except one shot with a helium majority), and all had a = 5%

hydrogen minority concentration as measured by the H /D, line ratio.

The ICRH hydrogen minority resonance location was varied from the inner edge



to the outer edge on a shot-to-shot basis by varying the toroidal magnetic field, as shown
by the vertical lines for drawn f=78 MHz in Fig. 1 (see also Table 1). At the lowest field
of B=3.68 Tesla the ICRH resonance was at R; = 47.4 cm, i.e. 2 cm outboard of the inner
separatrix at the midplane and 3.5 cm from the inner wall. At the highest field of B=6.75
Tesla field the ICRH resonance was at R;= 85.8 cm, i.e. 3.5 cm outboard of the outer
separatrix and 4.5 cm from the outer ICRH antenna-protection limiter at the midplane.
For both cases the resonant surfaces extended into the scrape-off layer above and below
the midplane due to the curvature of the flux surfaces, and in the high field case the
resonance intersects the RF antenna. Ion orbit loss calculations based on these resonance

locations are described in Sec. 4.1.

Figure 2 shows typical plasma parameters vs. time in this experiment, where in
this case the hydrogen minority resonance was near the inner wall at R;;=50.2 cm and Py
<4 MW (#104022025). When the edge ICRH was applied there was no increase of the
total plasma stored energy, at least above the initial Ohmic plasma level. There was also
no increase in either the central electron temperature or DD neutron rate (not shown).
However, there were often symptoms of (undesirable) ICRH coupling to the scrape-off
layer plasma; for example, Fig. 2 shows the that with increased ICRH power there was an
increase in the line averaged density, total radiated power, and average Z.,. There was
also an increase in the outer midplane D, level (not shown), again indicating an increased

recycling and/or impurity influx from the wall during edge ICRH heating.

Figures 3(a) and (b) show the dependence of the total stored plasma energy on the
resonance location and ICRH power for the magnetic field scan of Fig. 1 (78 MHz only,
#1030604020-32). For neither the inner nor the outer edge ICRH heating was there any
significant increase in stored energy compared to the Ohmic plasma at these fields. In
contrast, for the central heating cases at B=5-6 T the plasma stored energy increased by
almost a factor of two with 1 MW of heating, corresponding to an H-mode transition
(circled points). All typical signatures of H-mode were present in the central heating
cases, e.g. n, and Te edge pedestal formation, initial D, drop, etc. However, none of

these characteristic signatures of H-mode were present in the edge heating cases, except



for an increase in line averaged density with RF, which was most likely due to an

increased plasma-wall interaction.

Several variations on this scenario were tried in order to improve the null results
of Figs. 3(a) and 3(b). As shown in Fig. 3(c), the ICRH power level was increased to Pgp
< 5.5 MW with combined 78 MHz, 80 MHz, and 80.5 MHz for inner edge heating cases,
but again there was no significant increase in the edge parameters or the global stored
energy normally associated with an H-mode transition. Within this sequence of shots
(#1040022021-30, see Table 1): (a) the ICRH antenna phasing was changed from the co-
current to the counter-current direction (in contrast to the balanced cases in Fig. 3(a,b)),
(b) the plasma current was reduced from 0.6 MA to 0.4 MA, and (c) a He majority
plasma was tried instead of D majority (to vary the edge conditions). In all these cases
the stored energy slowly decreased with increasing ICRH power, most likely due to some

additional plasma-wall interaction during edge ICRH.

Figure 4 shows the dependence of the edge plasma density and temperature on the
ICRH resonance location during the scan of Figs. 3(a,b) based on the edge Thomson
scattering data averaged over a 2 cm wide region just inside the separatrix. For neither
the inner nor the outer edge heating there was there any significant increase in edge
parameters compared to the Ohmic plasma just before the ICRH was applied (although
there were slight increases for the outer edge heating case). In contrast, with central
heating at B=5-6 T the plasma edge parameters increased as expected for an H-mode in

C-Mod (circled points).

Unfortunately, there were no direct measurements of fast ions, edge rotation, or
edge electric fields available during this experiment. The standard C-Mod plasma
cameras showed normal plasma-wall interactions, except for increased light where the
resonance layer intersected the inner wall, and one small (non-damaging) arc where the

resonant layer intersected the ICRH antenna.



Therefore the conclusion from these experiments was that edge ICRH minority
heating did not create an H-mode and did not increase the stored energy in these Alcator

C-Mod plasmas. Possible improvements are discussed in Sec. I'V.

4. Preliminary Modeling

Theoretical modeling of this experiment is difficult and uncertain due to the
unusual regime and the limited diagnostic information. Some preliminary results and

limitations of such modeling are described in this section.

4.1 Fast ion loss boundaries

For the actual magnetic equilibrium and C-Mod limiter configuration, a Lorentz
(vxB integrating) orbit code was used to calculate the fast ion loss boundaries in this
experiment. An example of a hydrogen minority tail ion orbit for this experiment is
shown at the left of Fig. 5, based on the EFIT equilibrium of Fig. 1. This ion was started
with a pitch angle perpendicular to B at R,;=49.7 cm and z=20 cm, where a minority tail
ion banana tip might lie for one of the inner-edge ICRH resonance locations (B=3.82 T).
At energies less than 8 keV this orbit is confined, but 8 keV this orbit intersects the RF

antenna limiter near the outer midplane.

The ion orbit loss boundaries for other resonance locations and initial z positions
are shown at the right of Fig. 5. In general, these results are similar to the simple
estimates of Sec. II, i.e. ions born near the edge can be lost at roughly = 10 keV. Fig. 5
also shows that ions are more readily lost when started from the low-R, edge resonance
(as noted in Refs. 9 and 10), since banana widths for a given energy are larger for an orbit
with its banana tip on the low-R;; edge compared with the high-R, edge. For both inner
and outer resonance location the ions are lost at the outer midplane, except for some cases

in which they are lost through the X-point to the divertor region.



An unanticipated result of this modeling was that the ion energy required for an
orbit to be lost for a given resonance location decreases significantly when the orbit
banana tip lies above or below the midplane (i.e. for Izl >0), as illustrated at the right of
Fig. 5. This is because the banana orbits which are started at increased z lie on flux
surfaces closer to the wall than for those started at z=0, and so their effective distance to
the wall in terms of poloidal flux is decreased. Since ICRH minority heating occurs
largely at the banana tips, at least for energetic ions, this implies that the ion tail loss
depends on the vertical distribution of the ICRH heating power at a given resonance layer

location.

4.2 ICRH modeling

Two of these edge heated discharges were modeled by the ICRH wave physics
codes in TRANSP; namely, TORIC [22] and SPRUCE [23]. Inputs to this modeling
were the magnetic equilibrium, the measured electron density and temperature profiles,
the measured minority ion concentration (= 5%), and the RF antenna structure and wave
phasing. Outputs from this modeling were radial profiles of the ICRH power deposition,
the hydrogen minority tail ion temperature, and the hydrogen minority tail ion loss

power. Some limitations of this modeling are discussed in Sec. 4.3.

An example of the TORIC modeling is shown in Fig. 6 for a discharge with an
inner edge resonance at R;=49.7 cm (#1030604023). Fig. 6(a) shows that the ICRH
power was largely deposited in the edge region according to this model (as expected).
The total power absorbed in the edge was = 1.3 MW out of a total of P,; =2.2 MW applied
at this time, corresponding to an RF power density of ~1-3 Watts/cm® averaged over the
edge flux surface, or Py = 10 Watts/cm® locally. Of the absorbed RF edge power, 0.8
MW went to electron heating, 0.2 MW to ion heating, and 0.3 MW went into tail ion
orbit loss. As shown in Fig. 6(b), the confined tail ion temperature for this case was up to
T, =5 keV about r/a=0.8. Assuming an average ion loss energy of 5 keV, the estimated

ion loss current for this case was thus I = 60 A. An outer edge heating case with Py = 1
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MW (#1030604030) modeled this way had a confined edge tail ion temperature of =2.5
keV and an estimated ion loss current of =150 A. The SPRUCE model predicted an ion
loss current which was significantly lower than that inferred from the TORIC model, e.g.
i.e. = 15 Amps and 30 Amps ion loss for the inner and outer edge resonance cases,
respectively. It is not understood why the predicted ion loss was larger for the outer edge
heating case, since the orbit model of Sec. 4.1 showed that fast ions are more easily lost

when their banana tips were at the inside edge.

Thus the ICRH modeling predicted that a hydrogen minority ion tail should form
at the edge of these C-Mod plasmas, but the predicted tail ion temperature was not as
high as the T, = 10 keV expected from the simple modeling. The predicted ion loss
currents were in the range =15-150 Amps, which is comparable to the currents used to
create H-modes in the electrode biasing experiments [6,7]. However, there are many

limitations, uncertainties and omissions in the modeling, as described in the next section.

4.3 Limitations of the modeling

In general, the fast ion orbit loss modeling of Sec. 4.1 should be quite accurate,
but the ICRH modeling of Sec. 4.2 is preliminary and uncertain. Several potentially
important effects not modeled at all, as described below; namely, “parasitic” absorption
of ICRF waves, charge exchange of tail ions, and radial diffusion of minority tail ions.
Given all these limitations, detailed modeling of the edge electric field was not attempted

at this stage.

The ICRH power absorption mechanisms in the TRANSP ICRH models do not
include any “parasitic” absorption processes such as sheath rectification, surface wave
generation, and ionization in the edge and/or scrape-off layer. In the TRANSP model, if
the ICRH power is not completely absorbed on the first pass through the plasma the
power is reflected from the wall and continues to “multi-pass” until it is completely

absorbed. However, a simple estimate based an analytic model of minority heating [24]
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suggests that the single-pass hydrogen minority tail absorption fraction in the C-Mod
edge may be only a few percent. Thus any comparable parasitic power loss in the SOL
could significantly reduce the power input to the minority tail in this experiment. On the
other hand, ICRH has been known to create fast ions in the edge through parametric

processes even for central heating [25].

Charge exchange loss of the tail ions is also not included in the TRANSP/TORIC
model. If the tail ions experience charge exchange within the closed flux surface region,
they would be ‘lost’ without contributing to the radial current. For an assumed tail ion
energy of 5 keV and an assumed neutral density of 10" cm”, the charge exchange
timescale is = 10 sec. This is comparable to the fast ion thermalization time at the edge
(see Sec. 2), so this effect might significantly reduce the lost ion current. It is difficult to

be more quantitative without a better knowledge of the 2-D edge neutral density profile.

Finally, the minority tail ions might have a significant radial diffusion in the edge,
since the edge is known to be highly turbulent (also the ICRH waves might cause radial
diffusion). If the local ion diffusion coefficient is D~10* cm?/sec, the time for the banana
center to diffuse = 4 cm to the wall would be = 10~ sec, also comparable to the fast ion
thermalization time. This diffusion may be significantly reduced by ‘orbit averaging’
over the = 1 cm scale edge turbulence. Again, it is difficult to be quantitative about this

effect without a better understanding of the diffusion physics.

5. Conclusions and Possible Improvements

The goal of this experiment was to test whether edge ICRH minority heating in
Alcator C-Mod could create a fast ion loss and increase the edge E,, which in turn could
improve the confinement. The experimental result was quite clear, as described in Sec.
3; namely, that edge heating caused no increase in the plasma confinement. The only
effect of this edge heating was to slightly reduce the total stored energy, most likely due

to recycling and/or impurity influx from the increased plasma-wall interaction.
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Unfortunately, it is not possible at this stage to make a quantitative comparison of
the (null) experimental results with the theoretical estimates of Sec. 4, since those
estimates had such large uncertainties. It is not even possible to make a qualitative
connection with the simple estimates of Sec. 2, since there was no direct measurement of
the ion loss or radial electric field in this experiment. It is quite possible that the tail ion
loss was less than expected, and so the resulting change in E, was just not large enough to

affect the plasma confinement.

One way to clarify the interpretation of this experiment would be to measure E,
just inside the separatrix either through edge rotation or a heavy ion beam probe. Fast ion
loss could possibly be measured at the outer midplane using current collecting probes,
and charge exchange measurements would be useful to confirm the presence of fast ions

at the edge (but would not provide an absolute level ion loss).

The outcome of this experiment might be improved in C-Mod by reducing the
edge density further to increase the tail ion energy, by increasing the edge ion
temperature to improve the first-pass absorption of ICRH waves, or by reducing the SOL
thickness to increase the fast ion orbit loss. A higher edge ion temperature should occur
after an H-mode has been produced (e.g. with central ICRH heating); then if edge ICRH

heating were applied, it might increase the H-mode pedestal further.

Large ICRH-induced edge fast ion loss might also occur in a device like JET, in
which high edge ion temperatures have already been measured even without edge heating
[14]. High edge ion temperatures have also recently been seen in NSTX during high-

harmonic fast wave heating [25], although without any improved confinement.
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Table 1: Shot list

Shot # B(T) |I(MA) | Py, (MW) | R, (cm)
1030604020 | 5.44 | 0.6 0 71.1
1030604021 |5.40 | 0.6 1.1 54.8
1030604022 | 420 | 0.6 1.6 49.7
1030604023 | 3.83 | 0.6 2.3 49.7
1030604024 | 3.82 | 0.6 0.9 49.7
1030604025 | 3.68 | 0.6 0.9 47.8
1030604026 | 3.68 | 0.6 0.9 47.8
1030604027 | 3.68 | 0.6 0.7 47.8
1030604028 | 3.68 | 0.6 2.3 47.8
1030604029 | 5.95 | 0.6 0.9 77.4
1030604030 | 6.65 | 0.6 0.9 85.8
1030604031 | 5.44 | 0.6 0.9 71.1
1030604032 | 6.74 | 0.6 1.6 71.1
1040220021 | 3.86 | 0.6 5.5 493
1040220022 | 3.86 | 0.6 5.0 493
1040220023* | 3.86 | 0.6 42 493
1040220024~ | 3.86 | 0.6 49 493
1040220025 |3.79 | 0.6 42 50.2
1040220026 | 3.86 | 0.4 42 493
1040220027 | 3.86 | 0.4 49 493
1040220028 |3.79 | 0.4 42 50.2
1040220029 | 3.86 | 0.6 5.0 493
1040220030# | 3.86 | 0.6 5.0 493

* co-current RF phasing
A counter-current RF phasing
# Helium majority
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Figure Captions:

Fig. 1: Typical plasma equilibrium and ICRH hydrogen minority resonance locations for
this experiment. The resonance location R;; was scanned from the inner edge to the outer
edge (on a shot-to-shot basis) by varying the toroidal field from B=3.68 Tesla (R;=47.8
cm) to B=-6.74 Tesla (R;=87.6 cm), while keeping the plasma current fixed at I=0.6 MA.

Intermediate ICRH resonance locations are indicated by the gray lines.

Fig. 2: Time dependence of plasma parameters during a typical shot in this experiment
(#104022025). The RF power was modulated at 10 Hz to help isolate possible changes
due to edge heating effects. The plasma stored energy does not increase with edge ICRH,
at least with respect to its initial Ohmic values. However, there were some indications of
an increased plasma-wall interaction with edge ICRH, e.g. increases in line average

density, Z., edge D, and radiated power.

Fig. 3: Parts (a) and (b) show the total plasma stored energy vs. ICRH power and
resonance location for the B field scan of Fig. 1 at Py < 2.3 MW and 78 MHz. There
was no significant increase in stored energy with either inner or outer edge heating;
however, with central ICRH heating (circled points at B=5-6 T) H-modes were created
and the stored energy increased. Part (c) shows the stored energy vs. ICRH power for
Prr = 5.5 MW with combined 78, 80, and 80.5 MHz inner edge heating. Again, there was
no significant increase in stored energy with edge heating. Each point on these plots

corresponds to a single 0.1 sec heating pulse such as shown in Fig. 2.

Fig. 4: Edge electron temperature (top) and edge electron density (bottom) with and
without edge minority heating. These measurements were made by Thomson scattering,
and integrated over a region which maps magnetically from O to 2 cm inside the outer
midplane separatrix (87-89 cm). The edge resonance location is shown at the bottom.
Neither the inner nor outer edge resonance heating produced any significant increase in
edge density or electron temperature. However, the central heating cases (circled points

at 5-6 Tesla) did produce increased edge parameters characteristic of an H-mode.
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Fig. 5: At the left is a typical hydrogen minority ion loss orbit for an inner edge
resonance with a banana tip location of R=49.7 cm and z= 20 cm, Ions with this banana
tip location will be lost to the wall at an energy = 8 keV. At the right is the loss boundary
for ions with banana tips at a specified Ry and z (height above midplane). Ions with an
inner edge resonance are more easily lost than ions at the outer edge resonance, and for a
given Ry, the energy needed for loss decreases significantly with Izl (all points with Izl <

20 cm lie inside the closed flux surface region).

Fig. 6: Calculation of the ICRH minority tail properties by the TRANSP/TORIC code
for one of the inner wall resonance cases (B=3.83 T, R;=49.7 cm, shot #1030604023 at
1.22 sec). Part (a) shows the ICRH power balance, and part (b) shows the confined
minority tail ion temperature profile vs. radius. In this case =1.3 MW of ICRH power
was deposited near r/a=0.8, resulting in a confined ion tail temperature of = 5 keV. The
calculated minority ion tail loss was =0.3 MW, which corresponds to =150 Amps of ion

loss current.
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